Survey to obtain gamma-ray logs of the drill holes on properties "being explored under Defense Minerals Exploration Administration assistance near Grants, N. Mex. Early in the work it was found that some of the drill holes did not yield duplicate logs when probed at different times, and some showed amounts of equivalent uranium greatly in excess, both in thickness and grade, of the amounts determined chemically or by laboratory radiometric analysis. In fact, the disparity between logs of some holes was so great that the gamma-ray data were very misleading when used alone for determining uranium reserves. This had also been 4 the experience of private companies and individuals in the area, and as a result, such logs were considered unreliable for uranium determinations.
It was apparent that if gamma-ray logs were to be used effectively, either by the Government or private industry to help appraise uranium reserves, the causes for the discrepancies would have to be determined, and the means found to eliminate or control them.
Company personnel, suspecting that the cause might be radon gas and its gamma-emitting daughter products, had used compressed air to "blow out the affected holes. Although this practice met with some success, to our knowledge no one had actually identified radon and its gamma-emitting daughters as the cause of the anomalously high and variable gamma-ray intensities, and data were sparse on the specific nature, distribution, and spatial relationships of the radioactive materials causing the radioactivity.
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Late in 195*4-, A. B. Tanner of the U. S. Geological Survey became interested in reports of the relatively high radon content of some of the drill holes in the Grants area. He took air samples from selected holes and specifically identified "by alpha-particle measurement the presence of radon in high concentrations. He then did some experimental work to determine the relations of the radon to atmospheric pressure, temperature, and wind conditions. His work showed that the radon concentration increased at times of decreasing atmospheric pressure and was affected "by wind conditions.-/ J Tanner, A. B., in preparation, Radon in drill holes.
For some of the same holes in which Tanner identified radon in abnormally high concentration, gamma-ray logs-obtained almost simultaneously-showed curves with peaks that agreed in position and intensity with what would "be expected from the radon cencentrations measured "by Tanner. Where gamma-ray logs showed a radiation intensity more than twice background for the rocks above and below the ore zone, the drill hole was inferred to be contaminated by the daughter products of radon.
About 600 gamma-ray logs, taken from ^80 drill holes, were evaluated by the writers to learn the relation of the radon to the uranium deposits, its behavior under different conditions of possible removal by use of compressed air or water, and the degree of contamination. 
RADON-ITS PROPERTIES AMD CHARACTERISTICS
Radon is a gaseous radioelement, a daughter product formed during the natural disintegration of uranium. It emits no significant gamma radiation, so that it is not directly or specifically determined by gamma-ray measurement. It disintegrates, however, to short-lived daughter products that do emit gamma radiation. One of these is bismuth 21^, which has a half-life of about 20 minutes. The gamma rays from bismuth 21*4-are more energetic and more easily detected than the gamma, rays from the other uranium daughter products and largely constitute what is registered by hand counters and logging equipment when the radioactivity of uranium ore is measured.
All uraniferous minerals emit some of the radon that is generated within them. Radon is unique among the radioactive daughters of uranium, in that as a gas it can migrate from the parent mineral into air as well as into solution. The more open the lattice of the mineral, the greater will "be the loss of radon (Faul, Henry, 1951*, p. 139) .
Radon is many times heavier than any of the major components of air, "but "because of its very small percentage per unit volume in the atmosphere of a drill hole it shows no tendency to stratify. Its location within the drill hole is affected "by the same factors that cause movement of the air, such as atmospheric pressure and wind.
It is soluble in water and other hydrogenous fluids. The solubility, is affected "by the amount of surface area exposed to the radon; hence, a flat surface of water absorbs less radon than does a froth. For this reason care was taken in filling the holes with water, as described subsequently, for this study.
GBKERAL GEOLOGY

Stratigraphy and structure
The rocks exposed in sec, 30, T. 13 N., R. 
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The uranium deposits in section 30 are in the Todilto limestone, which ranges from a knife edge to about kO feet in thickness and which averages about 20 feet in thickness. It is a dense medium-to dark-gray fetid limestone that weathers white. It generally is laminated and has thin siltstone layers, along which it parts into slabby beds that range from 1 inch to 6 inches in thickness. It is abundantly fractured and jointed.
The Todilto lies on the Entrada sandstone, which is a reddish-orange fine-grained crossbedded sandstone, about 150 feet in thickness. Although the contact is gradational, it can be located readily within a stratigraphic interval of less than a foot.
Overlying the Todilto limestone is the Summerville formation. It is a soft fine-grained locally argillaceous sandstone that occurs as alter- In most deposits the ore is near the base of the Todilto limestone, "but in some it occurs in the middle or upper parts and, in a few, it "makes" throughout most of the limestone interval, even extending into the "basal part of the overlying Summerville formation. The ore is thicker and higher in grade along the axes of the folds, and it feathers out along the flanks. The ore "bodies generally are larger where there are several associated folds.
DRILLING METHODS
It has "been the general practice in sec. 30, 'T. 13 N., R. 9 W., and in the Grants area as a whole, to do exploratory and development drilling in the Todilto liiaestone with rotary~type drill rigs, using a tricone-type plug "bit. The "bit siz;e most commonly employed is h inches in diameter and the hole is ^ inches in diameter. To avoid casing the holes, the upper part through the windblown sand is drilled with water, and the lower part, through the lower Summerville and Todilto limestone, is drilled with compressed air. Use of compressed air as the drilling medium is quite effective in section 30 "because the rocks in the ore zone lie above the water table.
SAMPLING METHODS
As with drilling, sampling of the Todilto limestone in section 30 in the Grants area as a whole follows a general pattern* Samples of the drill cuttings through the Todilto limestone are collected from each 2-foot run in a cyclone-type sample collector at the hole collar. When a sample shows the presence of uranium minerals or is determined by a conventional gamma counter to have anomalous radioactivity above a specified cutoff, it is packaged for assay. The assay may be determined chemically or radiometrically. Hadiometric assays generally are determined by a laboratory sealer.
The drill holes are also probed with a gamma-ray counting instrument, generally of the Geiger-Muller type. Most of these are hand-portable, having a hand-operated reel and a depth indicator. With these instruments the probe (Geiger tube) is lowered and raised through the hole manually and the radioactivity is measured at convenient intervals within the hole, generally every foot, but in some holes every half a foot through miner-* alized zones, The resultant gamma-ray log of the hole commonly provides
supplementary data to what is detected in the drill cuttings and assists in selecting samples of the drill cuttings for assay. Oftentimes, however, the gamma-ray data are used alone to measure the thiclmess and grade of uraniferous material.
WOEK PLAN A2TO EQUIPMENT USED Work plan
The area of see. 30, T. 13 $., R. 9 W., was selected for the experimental work "because considerable geologic information was available on the distribution and habits of ore bodies, and because exploration then in progress provided a large number of drill holes and allowed some coni trol over the time intervals between completion of drilling and the logging of drill holes.
The experimental work was planned to determine the distribution and degree of contamination in drill holes, and to test methods of reducing such contamination. To determine the spatial distribution of contaminated drill holes in relation to the distance from deposits and their grade, gamma-ray logs were obtained from It-80 drill, holes. To determine the degree of contamination as a function of time elapsed after completion of drilling, repeated gamma-ray logs were made in selected drill, holes at various time intervals after drilling had been completed.
Two methods of reducing drill-hole contamination caused by the daughter products of radon were tested: (l) blowing out the hole with compressed air for various periods of time, and (2) displacing the air column in the hole with water.
Gamma-ray logging equipment and procedures
The gamma-ray logging equipment used is of the Geiger-Muller type.
The equipment is truck mounted and consists of five major components: a 115 volt AC power plant, a reel unit to lower and raise the probe in a IT drill hole, a 7/S-inch (outside diameter) waterproof brass probe containing a 7^; inch long Geiger-Miiller tube, a ratemeter-amplifier that amplifies and indicates the number of electrical impulses received through the cable from the detector tube, and a strip-chart recorder which graphically plots the number of impulses received by the ratemeter versus probe depth in the hole.
The equipment is operated by one man. Before and after logging each hole the operator checks the equipment with calibrated radioactive standards ! to maintain proper performance and response. The probe is lowered to the bottom of the drill hole and the hole is logged as the probe is withdrawn at a rate of 5 feet per minute. The variation in the quantity of gammaradiation incident on the probe is recorded by the strip-chart recorder.
Before this study the logging equipment was calibrated to determine the thickness and grade of radioactive layers of uraniferous material.
Simulated ore bodies of predetermined grade and thickness were constructed in lj-foot diameter culverts having in the center a 2-inch diameter 1/6*1-inch-thick aluminum casing. Data obtained from these simulated ore bodies were used to construct graphs showing the relationship of grade, thickness, and count rate. The graphs are used to interpret, in terms of percent and thickness, the strip charts obtained from exploratory drill holes.
Water and air equipment A 500-gallon water truck and a tractor-mounted air compressor with a rated capacity of 105 cubic feet per minute were made available to the project by the U, S. Atomic Energy Commission. The compressor was set to operate at 60 pounds air pressure. Installed on the front of the tractor was a reel with 500 feet of 3/^-inch air hose that could be manually 18 lowered or raised in a drill hole. Secured to the lower end of the hose was a 10-foot section of -J-ineh (inside diameter) steel pipe, which served to guide the hose into the hole and prevented the end of the hose from whipping when air was forced through it. At the upper end of the hose a coupling was installed that matched either the fitting on the air receiver of the compressor or the fitting on the tank of the water truck, permitting prompt use of the reel-and-hose assembly for either air or water. A fitting was also installed at the top of the water tank ^o it could be attached to the compressor to increase the rate of discharge of water from the tank 'to the drill hole, Water was added to the holes by lowering the hose to the "bottom of the hole before releasing the water from the tank. This method prevented material from being washed down the sides of the hole and helped reduce turbulence and frothing, which affect the solubility of radon in water.
After sufficient water was added to cover the ore zone, the hose was withdrawn and the hole was gamma-ray logged.
IDEHTIFICATION OF "SALTED" HOLES
In some holes the cuttings from high-grade layers have a tendency to stick to the walls of the hole above the ore zone, forming what is generally referred to as a "salted" hole. A "salted" hole gives a gamma-ray log curve that tapers off rather abruptly immediately above a high-grade ore layer or shows a rather pronounced anomaly above the ore zone where the mineralized cuttings collect next to a rock projection or damp zone in the hole. Wo salted holes were recognized in section 30 > and the chances of confusing them with radon-contaminated holes is considered unlikely.
RESULTS
Relations of contamination to grade and to elapsed time after drilling
Evaluation of gamma-ray logs from the ^80 drill holes revealed that 102, or 21 percent,, of the holes were contaminated. These data are listed in table 1, which shows a higher proportion of contaminated holes in the higher grade classes and an increasing number of contaminated holes as the time between drilling and logging increases. If all holes had been logged more than 2& hours after drilling, it is likely the number of contaminated holes would have been considerably greater than 102.
Chemical assays and laboratory radiometric assays of the drill cuttings were available for comparison with the inhole gamma-ray data for many holes. Chemical data were used in classifying holes as to grade (table l) when available and when sample recovery was considered reliable. Laboratory radiometric data showed good correlation with the chemical assays and were used when chemical data were not available. Inhole gamma-ray data, although corrected and reduced by the recognizable amounts of radon contamination, generally showed thickness-times-grade figures about 50 percent higher than the chemical figures. When no chemical or laboratory radio* metric data were available or were considered unreliable, the inhole gamma* ray data1 were used* The equivalent U^Og cutoffs In table 1 ref &? -baly to inhole gamma-ray data. The higher cutoffs for these data were selected to be roughly comparable to the cutoffs used for the chemical and laboratory radiometric data. In addition to the influence of grade and time on contamination in drill holes, there is also a spatial relation to ore deposits. Most complete logging coverage was obtained for the deposit shown on figure 3-Of the holes shown within the mineralized area, 75 percent were contaminated. Nearly all of these contaminated holes were logged several days after they were drilled, whereas all "but one of the uncontaminated holes were logged within an hour of drilling. Outside of the mineralized area only seven holes showed contamination,, One of these was logged within an hour after it was drilled; the other six were logged two weeks or more after drilling. It seems noteworthy that none of these seven contaminated holes is farther than about 50 feet from known mineralized ground.
Probe-contaminating holes are shown on figure 3« This contamination was caused by the deposition on the probe of solid short-lived gammaemitting daughter products of the radon* It resulted in a count rate above normal background when the probe was remover from the drill hole and an abnormally high count rate when the probe was checked against calibrated radioactive standards. In general, these holes showed the highest radon concentration, and all are in or near the largest dre body ( fig. 3) .
Degree of contamination
The degree of contamination of the drill holes ranged from barely detectable amounts on the logs to amounts that gave count rates as high as those given off by ore-grade material. Figure h , log 1, illustrates a contaminated hole. This log shows a count range from about 6,500 counts per minute in the ore zone to 500 counts per minute at the hole collar. Between the depths of 75 an& 100 feet "below the collar, or through a thickness of 25 feet, the count rate converted to equivalent uranium is in the grade range from 0.1 to 0.2 percent. Log 2, taken after the hole was "blown out with compressed air, shows a peak of about 2,000 counts per minute for a thickness of about 2 feet. This is about equivalent to 0.05 percent uranium. Figure 5 shows examples of an extremely contaminated hole. Log 3> for example, shows the lowest count, about 5*000 counts per minute, immediately above the ore zone. It increases upward in the hole through the barren Summerville formation and alluvium to about 10,000 counts per minute at the hole collar. Converted to equivalent uranium this log would indicate more than 100 feet of material with a grade that ranged from several percent in the ore zone to about 0.3 percent at the hole collar. Actually, this hole contained about 7 feet of ore that averaged 1.0 percent eUUOg, as interpreted from gamma-ray log 2. Chemical assay of the cuttings showed 10 feet of ore that averaged 0.55 percent !UOg.
Eliminating contamination
After the initial logs were taken, the more highly contaminated holes were blown out with compressed air fpr periods that ranged from 15 minutes to 2 hours, to find if the holes could be decontaminated and, if so, how long it would take. In general, most holes could be decontaminated by blowing them out for about 30 minutes; a few extremely contaminated holes, however, required 1 to 2 hours.
Log 1 of figure 6 shows moderate radon contamination in a hole logged 18 hours after it was drilled. After this log was taken the hole was "blown out in four successive 15-minute intervals and logs 2, 3 ; ^> and 5
were taken immediately after each of these intervals. For the rocks above and below the Todilto limestone the count rate on log 5 is near the normal background. These logs were taken to illustrate the response of the con- A few holes were not readily decontaminated by blowing. Log 2 of figure 7 shows a contaminated hole 18 days after it was drilled; log 1 was taken immediately after it was drilled. Pour hours after log 2 was taken the hole was blown out for 20 minutes and then relogged (log 3)* On this log much greater contamination is indicated. Log k shows some decontamination after the hole was blown out for an additional ^5 minutes, but the contamination still shows at least 1,000 counts per minute above the normal, background. An additional 55-minute period of blowing reduced the contamination to near background above the ore zone, but a significant amount still remained in the hole below the ore zone.
Log 3 of figure 8 is another example of contamination that was not reduced materially after an hour of blowing. In the upper part of the hole the count was actually higher. Log h of figure 8 illustrates how Immediately after log 3 was taken the hole was filled with water and log h was taken. Log k shows the contamination reduced to near background, as shown on log 1.
Effects of water on count rate and apparent thickness of material
The data presented below cannot be directly compared with data from other areas because of varying physical conditions. For example, vari« ations in the distance between the probe and hole wall and, equivalent in effect, variations in hole diameter within drill holes or among a group of drill holes will alter the results. Drilling fluid, of a density different from water, remaining in the hole will also affect the results.
Although filling a drill hole with water tended to decontaminate it, it also reduced the count rate and the indicated thickness of the individual mineralized layers to less than that obtained in air. Log 6 of figure T an& log k of figure 8 show some reduction below the peak count rates of the respective peaks shown on log 1. Some contamination remaining in these holes before an& after they were filled with water, however, hides the general relation somewhat. Log 2 of figure k shows a hole that is uncontaminated. Log 3 shows it after it was filled with water. The peak counts in the ore zone have been reduced, and the thickness of the anomalies has been reduced slightly.
Many holes would not hold water throughout the logging. Even so, the contamination was generally reduced, and the count rate as well as the indicated thickness of the individual mineralized layers fell to less than precontamination levels in some holes. Log 5 of figure 5 is an example.
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Although the small scale of the illustrations makes it difficult to compare the thickness relations, it can readily be seen that the peak count in the ore zone as well as the "background count above and below the ore zone have been reduced.
The use of water q,s a decontaminant and as a drilling medium raises the question; what is the net effect of water on the count rate and the apparent thickness of the mineralized layers?
To make a comparison, 13 holes were selected that had been logged both when they were air filled and when they were water filled. The rocks above and below the ore zone did not show a count that was more than twice their normal background of about 100 counts per minute, either before or after the holes were blown out with compressed air, thus providing reasonable assurance that none of the holes had any significant amount of contamination when the logs were taken. Sample thicknesses and peak counts were determined for each anomaly showing 1,000 counts per minute or more, roughly equivalent to 0.02 percent or more UoQg. Under the present system of interpreting gamma-ray logs in terms of the thickness and grade (eUoOg) of a layer, the thickness of a layer is determined to be the width of the anomaly at two-thirds of the peak deflection of the anomaly. Counts per minute have been retained for statistical purposes to avoid some loss of accuracy that would result from converting the counts to equivalent U OQ, especially in the high-grade ranges. Table 2 The total apparent sample thickness for the 13 holes shows a difference of about 1J 4 feet between air-filled and water-filled holes, which is about 15 percent. Of the 13 holes, 9 show a reduced sample thickness for water versus air. Of the k that show an inverse relationship, only 2 show a difference great enough to "be significant. These two, holes J.5-10.5 and T-20.25; both produced rather complex log curves, and it is probable that these inverse thickness relations reflect a difference in interpretation of the respective logs. centage differences "between individual holes is not significant, as they are compensated for "by the sample thicknesses within each hole. Therefore, the figure of sample thickness times peak counts per minute is the most significant.
CONCLUSIONS
Geologic conditions favorable for contamination by radon and its daughter products in drill holes are: proximity to uranium deposits, and fractured or highly permeable rocks above the water table. Contamination should be suspected where:
1. Gamma-ray logs indicate higher grade (equivalent ^Oft) and greater thickness of a radioactive layer than is indicated by chemical and radiometric analyses of drill cuttings or core samples.
2. Gamma-ray logs show a radiation intensity significantly higher than background for the barren rocks above and below the ore zone.
3» Gamma-ray logs taken at different times from the same drill hole show rather wide variation in radiation intensity.
h. The probe of the logging equipment, when removed from the drill hole, gives an abnormally high counting rate, which decreases to normal after 2 to 3 hours.
Radon has contaminated drill holes in sec. 30, T. 13 N., R, 9 W., because of the fractured nature of the Todilto limestone, which provides passageways for the radon to migrate in air currents away from the parentmineral faces to the drill holes, and "because the ore zone lies above the water table.
Most drill holes can he decontaminated "by "blowing them out with compressed air for about 30 minutes. Some of the more highly contaminated holes require "blowing for an hour or more. They might "be decontaminated more effectively "by evacuating the air. Filling holes with water also appears to "be an effective means of decontaminating them, although more tests should "be made to find out if consistent results can "be expected.
On the "basis of a comparison of the logs taken in air and water, respectively, from 13 selected holes, it was found that water reduced the 
